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LOW - STRESS LOW - HYDROGEN LPCVD FIG . 5A and FIG . 5B are cross sections of the integrated 
SILICON NITRIDE circuit of FIG . 4 , depicted in key stages of fabrication . 

FIG . 6A and FIG . 6B are cross sections of an example 
CROSS REFERENCE TO RELATED microelectronic mechanical system ( MEMS ) device with a 

APPLICATIONS 5 high performance silicon nitride layer , depicted in key stages 
of fabrication . 

This application is a divisional of U . S . Nonprovisional 
DETAILED DESCRIPTION OF EXAMPLE patent application Ser . No . 14 / 706 , 941 , filed May 7 , 2015 , EMBODIMENTS the contents of which is herein incorporated by reference in 

its entirety . The present invention is described with reference to the 
FIELD OF THE INVENTION attached figures . The figures are not drawn to scale and they 

are provided merely to illustrate the invention . Several 
This invention relates to the field of microelectronic aspects of the invention are described below with reference 

15 to example applications for illustration . It should be under devices . More particularly , this invention relates to silicon stood that numerous specific details , relationships , and 
nitride layers in microelectronic devices . methods are set forth to provide an understanding of the 

invention . One skilled in the relevant art , however , will BACKGROUND OF THE INVENTION readily recognize that the invention can be practiced without 
20 one or more of the specific details or with other methods . In It is desirable to form stoichiometric silicon nitride layers other instances , well - known structures or operations are not in microelectronic devices which simultaneously have low shown in detail to avoid obscuring the invention . The 

stress , that is less than 1000 megapascals ( MPa ) , and low present invention is not limited by the illustrated ordering of 
hydrogen content , that is less than 5 atomic percent . Such acts or events , as some acts may occur in different orders 
films would be useful for a variety of microelectronic 25 and / or concurrently with other acts or events . Furthermore , 
applications . Silicon nitride films formed by plasma not all illustrated acts or events are required to implement a 
enhanced chemical vapor deposition ( PECVD ) may have methodology in accordance with the present invention . 
low stress , but have high hydrogen content , above 15 atomic A high performance silicon nitride layer , which is stoi 
percent , which can cause reliability problems and poor etch chiometric within 2 atomic percent , has a low stress of 600 
resistance . Films formed by low pressure chemical vapor 30 MPa to 1000 MPa , and has a low hydrogen content , less than 
deposition ( LPCVD ) have low hydrogen content , but high 5 atomic percent , is formed by an LPCVD process . The 
stress , above 1000 MPa , which can cause device perfor LPCVD process uses ammonia and dichlorosilane gases in 
mance problems . a ratio of 4 to 6 , at a pressure of 150 millitorr to 250 millitorr , 

and at a temperature of 800° C . to 820° C . The combination 
SUMMARY OF THE INVENTION 35 of stoichiometry , low stress and low hydrogen content were 

not expected to be provided by the disclosed process con 
The following presents a simplified summary in order to ditions , and were discovered during investigations of 

provide a basic understanding of one or more aspects of the LPCVD processes when the invention was made . For the 
invention . This summary is not an extensive overview of the purposes of this disclosure , stoichiometric silicon nitride is 
invention , and is neither intended to identify key or critical 40 understood to have a silicon : nitrogen atomic ratio of 3 : 4 . 
elements of the invention , nor to delineate the scope thereof . FIG . 1 depicts an LPCVD furnace in an example process 
Rather , the primary purpose of the summary is to present of forming a high performance silicon nitride on microelec 
some concepts of the invention in a simplified form as a tronic devices . The LPCVD furnace 100 holds a plurality of 
prelude to a more detailed description that is presented later . the microelectronic devices 102 , on substrates such as 

A microelectronic device contains a high performance 45 semiconductor wafers , in a boat 104 . The boat 104 is held in 
silicon nitride layer which is stoichiometric within 2 atomic a reaction chamber 106 of the LPCVD furnace 100 . The 
percent , has a low stress of 600 MPa to 1000 MPa , and has reaction chamber 106 is heated to a temperature of 800° C . 
a low hydrogen content , less than 5 atomic percent . The high to 820° C . by heating elements 108 of the LPCVD furnace 
performance silicon nitride layer is formed by an LPCVD 100 disposed around the reaction chamber 106 . Ammonia 
process . The LPCVD process uses ammonia and dichlorosi - 50 ( NHz ) and dichlorosilane ( DCS ) gases are introduced into 
lane gases in a ratio of 4 to 6 , at a pressure of 150 millitorr the reaction chamber 106 at a ratio of 4 to 6 . Pressure inside 
to 250 millitorr , and at a temperature of 800° C . to 820° C . the reaction chamber 106 is maintained at 150 millitorr to 

250 millitorr by an exhaust system 110 , for example com 
DESCRIPTION OF THE VIEWS OF THE prising a combination of an exhaust pump and an adjustable 

DRAWING 55 exhaust valve . The high performance silicon nitride layer 
112 is formed on the microelectronic devices 102 by reac 

FIG . 1 depicts an LPCVD furnace in an example process tion of nitrogen in the ammonia and silicon in the dichlo 
of forming a high performance silicon nitride on microelec - rosilane . Formation of the high performance silicon nitride 
tronic devices and FIG . 1A is an expanded view of the layer 112 is continued until a desired thickness is attained . 
silicon nitride layer formed on the microelectronic devices 60 Subsequently , flows of the ammonia and dichlorosilane are 
within the furnace of FIG . 1 . ended and the microelectronic devices 102 are extracted 

FIG . 2 is a cross section of an example semiconductor from the LPCVD furnace 100 . 
device with a high performance silicon nitride layer . Formation of the high performance silicon nitride layer 

FIG . 3A and FIG . 3B are cross sections of the semicon - 112 by maintaining the temperature at 800° C . to 820° C . , 
ductor device of FIG . 2 , depicted in key stages of formation . 65 the ratio of ammonia to dichlorosilane at 4 to 6 , and the 

FIG . 4 is a cross section of an example integrated circuit pressure at 150 millitorr to 250 millitorr advantageously 
with a high performance silicon nitride layer . provides a silicon : nitrogen atomic ratio within 2 percent of 
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the ratio 3 : 4 , a low stress of 600 MPa to 1000 MPa , and a 226 . Reactant gas flows and a pressure in the RIE process 
low hydrogen content of less than 5 atomic percent . The high 228 may be adjusted to provide sloped edges on the high 
performance silicon nitride layer 112 may have an index of performance silicon nitride layer 206 as depicted in FIG . 3B . 
refraction of 2 . 0 to 2 . 1 as a result of being formed by the Subsequently , the etch mask 226 is removed , for example by 
process described in reference to FIG . 1 . Further , the high 5 an ash process . Fabrication of the semiconductor device 200 
performance silicon nitride layer 112 may have a dielectric is continued to provide the structure of FIG . 2 . The method 
breakdown strength of greater than 12 megavolts per cen - described in reference to FIG . 3A and FIG . 3B advanta 
timeter ( MV / cm ) , which may advantageously contribute to geously provides the patterned high performance silicon 
higher reliability of the microelectronic devices 102 . nitride layer 206 with the desired properties of low stress and 
Increasing the ratio of ammonia to dichlorosilane reduces 10 low hydrogen content . 
the stoichiometry and the dielectric breakdown strength , FIG . 4 is a cross section of an example integrated circuit 
which may disadvantageously contribute to lower reliability . with a high performance silicon nitride layer . The integrated 
Reducing the ratio of ammonia to dichlorosilane disadvan - circuit 400 is formed on a semiconductor substrate 402 such 
tageously increases the stress . Reducing the temperature and as a silicon wafer . The integrated circuit 400 includes a 
increasing the pressure also disadvantageously increases the 15 p - channel metal oxide semiconductor ( PMOS ) transistor 
stress . 404 and / or an n - channel metal oxide semiconductor 

FIG . 2 is a cross section of an example semiconductor ( NMOS ) transistor 406 . Field oxide 408 is disposed in the 
device with a high performance silicon nitride layer . The substrate 402 to laterally isolate the PMOS transistor 404 
semiconductor device 200 is formed on a semiconductor and the NMOS transistor 406 . 
substrate 202 which may be , for example a stack of gallium 20 The PMOS transistor 404 is disposed in an n - type well 
nitride and aluminum gallium nitride epitaxial layers 203 , 410 extending below the field oxide 408 . The PMOS tran 
and possibly other III - V layers . A cap layer 204 of gallium sistor 404 includes a gate dielectric layer 412 on the n - type 
nitride is disposed on the substrate 202 . A high performance well 410 and a gate 414 on the gate dielectric layer 412 . 
silicon nitride layer 206 is disposed on the cap layer 204 on Offset spacers 416 are disposed on lateral surfaces of the 
two sides of a gate 208 and between a source 210 and drain 25 gate 414 . P - type source and drain regions 418 are disposed 
212 of a gallium nitride field effect transistor ( GaN FET ) 214 in the n - type well 410 on two sides of the gate 414 . The 
of the semiconductor device 200 . The gate 208 may partially source and drain regions 418 include source / drain exten 
overlap the high performance silicon nitride layer 206 . The sions 420 extending under the gate 414 and deep source 
high performance silicon nitride layer 206 may be , for drain regions 422 adjacent to the gate 414 . 
example , 10 nanometers to 20 nanometers thick . 30 Gate sidewall spacers 424 are disposed adjacent to the 

Contact metal 216 is disposed on the substrate 202 in the gate 414 , on the offset spacers 416 . The gate sidewall 
source 210 and drain 212 . A field plate dielectric layer 218 spacers 424 include one or more layers of high performance 
is disposed over the gate 208 and the high performance silicon nitride , with low stress and low hydrogen content . 
silicon nitride layer 206 , around the contact metal 216 . Metal silicide 426 is disposed on the source and drain 
Source metal 220 makes an electrical connection to the 35 regions 418 adjacent to the gate sidewall spacers 424 , and 
contact metal 216 in the source 210 and overlaps the gate possibly on the gate 414 . The gate sidewall spacers 424 
208 and extends partway to the drain 212 over the field plate provide lateral separation between a channel layer immedi 
dielectric layer 218 to provide a field plate for the GaN FET ately below the gate dielectric layer 412 and the deep 
214 . Drain metal 222 makes electrical connection to the source / drain regions 422 , and between the channel layer and 
contact metal 216 in the drain 212 . Additional dielectric 40 the metal silicide 426 on the source and drain regions 418 . 
layers and metal layers may be formed to provide low The high performance silicon nitride in the gate sidewall 
resistance connections to the GaN FET 214 . spacers 424 may be within 10 nanometers of the semicon 

The low stress of the high performance silicon nitride ductor substrate 402 . The low stress of the gate sidewall 
layer 206 advantageously improves on - state current in the spacers 424 may advantageously reduce stress in the channel 
GaN FET 214 compared to a GaN FET with a silicon nitride 45 layer , and so improve an on - state current and / or an off - state 
layer having high stress . The low hydrogen content of the current of the PMOS transistor 404 . The low hydrogen 
high performance silicon nitride layer 206 advantageously content of the gate sidewall spacers 424 may advantageously 
reduces charge trapping and improves reliability of the GaN improve reliability of the PMOS transistor 404 . 
FET 214 compared to a GaN FET with a silicon nitride layer Similarly , the NMOS transistor 406 is disposed in a p - type 
having a high hydrogen content . 50 well 428 extending below the field oxide 408 . The NMOS 

FIG . 3A and FIG . 3B are cross sections of the semicon - transistor 406 includes a gate dielectric layer 430 on the 
ductor device of FIG . 2 , depicted in key stages of formation . p - type well 428 and a gate 432 on the gate dielectric layer 
Referring to FIG . 3A , the cap layer 204 is formed on the 430 . Offset spacers 434 are disposed on lateral surfaces of 
substrate 202 by an epitaxial process . A portion of the cap the gate 432 . N - type source and drain regions 436 are 
layer 204 and the substrate 202 may be removed to provide 55 disposed in the p - type well 428 on two sides of the gate 432 . 
a lateral isolation boundary 224 for the GaN FET 214 . The The source and drain regions 436 include source / drain 
high performance silicon nitride layer 206 is formed on the extensions 438 extending under the gate 432 and deep 
cap layer 204 by an LPCVD process as described in refer source / drain regions 440 adjacent to the gate 432 . Gate 
ence to FIG . 1 . An etch mask 226 is formed over the high sidewall spacers 442 including one or more high perfor 
performance silicon nitride layer 206 to cover areas for the 60 mance silicon nitride layers are disposed adjacent to the gate 
high performance silicon nitride layer 206 of the completed 432 . The gate sidewall spacers 424 of the PMOS transistor 
GaN FET 214 of FIG . 2 . The etch mask 226 may include 404 and the gate sidewall spacers 424 of the NMOS tran 
photoresist formed by a photolithographic process , and may sistor 406 may possibly have a same layer structure as a 
possibly include an anti - reflection layer . result of being formed concurrently . Metal silicide 444 is 

Referring to FIG . 3B , a reactive ion etch ( ME ) process 65 disposed on the source and drain regions 436 adjacent to the 
228 containing fluorine ( F ) removes the high performance gate sidewall spacers 442 , and possibly on the gate 432 . The 
silicon nitride layer 206 where exposed by the etch mask NMOS transistor may accrue advantages from the low stress 
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and low hydrogen content of the gate sidewall spacers 442 to restricted access to the cavity 604 through the perforated 
similar to those described in reference to the PMOS tran membrane 606 , the high performance silicon nitride layer 
sistor 404 . 610 is thicker on a top surface of the perforated membrane 

FIG . 5A and FIG . 5B are cross sections of the integrated 606 outside of the cavity 604 than on a bottom surface of the 
circuit of FIG . 4 , depicted in key stages of fabrication . 5 perforated membrane 606 facing the cavity 604 . The low 
Referring to FIG . 5A , the p - type source / drain extensions 420 stress of the high performance silicon nitride layer 610 
are formed by implanting p - type dopants into the n - type well advantageously reduces deformation of the perforated mem 410 using the gate 414 and offset spacers 416 of the PMOS brane 606 due to the unequal thickness on the top and transistor 404 as an implant mask , so that the source / drain bottom surfaces of the perforated membrane 606 . extensions 420 do not extend completely under the gate 414 . 10 Referring to FIG . 6B , the high performance silicon nitride Similarly , the n - type source / drain extensions 438 are formed layer 610 is removed from a portion of the substrate 602 in by implanting n - type dopants into the p - type well 428 using the regions 608 adjacent to the perforated membrane 606 . the gate 432 and offset spacers 434 of the NMOS transistor The MEMS device 600 is immersed in a crystallographic 406 as an implant mask , so that the source / drain extensions 
438 do not extend completely under the gate 432 . The 15 wet is wet etch solution 612 , such as a potassium hydroxide 
substrate 402 is subsequently annealed to activate the solution , which removes silicon from the substrate 602 in the 
implanted dopants . areas exposed by the high performance silicon nitride layer 

A high performance silicon nitride layer 450 is formed 610 along crystal planes of the substrate 602 to form 
over the gate 414 , the offset spacers 416 and the source / drain isolation cavities 614 adjacent to the perforated membrane 
extensions 420 of the PMOS transistor 404 and over the gate 20 606 . The low hydrogen content of the high performance 
432 , the offset spacers 434 and the source / drain extensions silicon nitride layer 610 advantageously provides etch resis 
438 of the NMOS transistor 406 . The high performance tance to the crystallographic wet etch solution 612 at a 
silicon nitride layer 450 is formed by an LPCVD process as desired thickness . The MEMS device 600 is subsequently 
described in reference to FIG . 1 , which provides at least a rinsed and dried . The high performance silicon nitride layer 
partially conformal layer as depicted in FIG . 5A , so that a 25 610 may be left in place in the completed MEMS device 600 
thickness of the high performance silicon nitride layer 450 or may be removed during subsequent fabrication processes . 
on vertical surfaces of the offset spacers 416 and 434 is While various embodiments of the present invention have 
sufficient to form the gate sidewall spacers 424 and 442 of been described above , it should be understood that they have 
FIG . 4 , respectively . been presented by way of example only and not limitation . 

Referring to FIG . 5B , an anisotropic RIE process 452 30 Numerous changes to the disclosed embodiments can be 
containing fluorine ( F ) removes the high performance sili made in accordance with the disclosure herein without 
con nitride layer 450 of FIG . 5A over horizontal surfaces of departing from the spirit or scope of the invention . Thus , the 
the gate 414 and the source / drain extensions 420 of the breadth and scope of the present invention should not be 
PMOS transistor 404 and over the gate 432 and the source limited by any of the above described embodiments . Rather , 
drain extensions 438 of the NMOS transistor 406 , leaving 35 the scope of the invention should be defined in accordance 
the high performance silicon nitride layer 450 to form the with the following claims and their equivalents . 
gate sidewall spacers 424 on the vertical surfaces of the 
offset spacers 416 of the PMOS transistor 404 , and to form What is claimed is : 
the gate sidewall spacers 442 on the vertical surfaces of the 1 . A Gallium - Nitride Field Effect Transistor ( GaN FET ) 
offset spacers 434 of the NMOS transistor 406 . The confor - 40 device , comprising : 
mal aspect of the LPCVD process to form the high perfor a stack of gallium nitride and aluminum gallium nitride 
mance silicon nitride layer 450 enables the gate sidewall layers as a substrate ; 
spacers 424 and 442 to be formed without a photolitho a cap layer of gallium nitride on the stack ; 
graphic operation , advantageously reducing fabrication cost a silicon nitride layer on a first surface of the cap layer , the 
and complexity of the integrated circuit 400 . 45 silicon nitride layer having the following properties : 

FIG . 6A and FIG . 6B are cross sections of an example a silicon : nitrogen atomic ratio within 2 percent of the 
microelectronic mechanical system ( MEMS ) device with a ratio 3 : 4 ; 
high performance silicon nitride layer , depicted in key stages a stress of 600 megapascals ( MPa ) to 1000 MPa ; and 
of fabrication . Referring to FIG . 6A , the MEMS device 600 a hydrogen content of less than 5 atomic percent ; and 
is formed in a silicon substrate 602 , such as a single 50 a gate of the GaN FET over the cap layer , wherein the gate 
crystalline silicon wafer . A cavity 604 is formed in the is in direct contact with the first surface of the cap layer 
substrate 602 leaving material of the substrate 602 above the at a center portion of the gate and partially overlaps the 
cavity 604 in the form of a cantilevered element 606 such as silicon nitride layer at end portions of the gate . 
a perforated membrane 606 . The perforated membrane 606 2 . The device of claim 1 , wherein the silicon nitride layer 
may be part of a sensor , such as a thermal sensor or a 55 is less than 25 nanometers thick . 
microphone , or may be part of an actuator such as a speaker . 3 . The device of claim 1 , wherein the silicon nitride layer 
It may be desirable to partially isolate the perforated mem - has an index of refraction of 2 . 0 to 2 . 1 . 
brane 606 from adjacent regions 608 of the substrate 602 . A 4 . The device of claim 1 , wherein the silicon nitride layer 
layer of high performance silicon nitride 610 is formed on has a dielectric breakdown strength of greater than 12 
the perforated membrane 606 and interior surfaces of the 60 megavolts per centimeter ( MV / cm ) . 
cavity 604 and adjacent regions 608 of the substrate 602 . 5 . The device of claim 1 , further comprising a source and 
The high performance silicon nitride layer 610 is formed by a drain . 
an LPCVD process as described in reference to FIG . 1 to 6 . The device of claim 5 , further comprising a source 
have low stress and a low hydrogen content , which provides metal in electrical contact with a contact metal of the source , 
at least a partially conformal layer , so that the high perfor - 65 the source metal overlapping the gate . 
mance silicon nitride layer 610 covers all exposed surfaces 7 . The device of claim 6 , further comprising a dielectric 
of the perforated membrane 606 as depicted in FIG . 6A . Due layer between the source metal and the gate . 
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8 . The device of claim 5 , wherein the silicon nitride 
includes a first portion under the end portions of the gate and 
a second portion between the gate and the drain spaced from 
both the drain and the gate . 

9 . A Gallium - Nitride Field Effect Transistor ( GaN FET ) 5 
device , comprising : 

a stack of gallium nitride and aluminum gallium nitride 
layers as a substrate ; 

a cap layer of gallium nitride on the stack ; 
a silicon nitride layer on a first surface of the cap layer , the 10 

silicon nitride layer having the following properties : 
a silicon : nitrogen atomic ratio within 2 percent of the 

ratio 3 : 4 ; 
a stress of 600 megapascals ( MPa ) to 1000 MPa ; and 15 
a hydrogen content of less than 5 atomic percent ; 

a source and a drain , wherein the silicon nitride layer is 
located between the source and drain ; and 

a gate of the GaN FET over the cap layer between the 
source and drain , wherein the gate is in direct contact 20 
with the first surface of the cap layer at a center portion 
of the gate and partially overlaps the silicon nitride 
layer at end portions of the gate . 

10 . The device of claim 9 , further comprising a source 
metal in electrical contact with a contact metal of the source , 25 
the source metal overlapping the gate . 

11 . The device of claim 10 , further comprising a dielectric 
layer between the source metal and the gate . 

12 . The device of claim 9 , wherein the silicon nitride 
includes a first portion under the end portions of the gate and 
a second portion between the gate and the drain spaced from 
both the drain and the gate . 

13 . A Gallium - Nitride Field Effect Transistor ( GaN FET ) 
device , comprising : 

a stack of gallium nitride and aluminum gallium nitride 
layers ; 

a cap layer of gallium nitride on the stack ; 
a silicon nitride layer on the cap layer , the silicon nitride 

layer having the following properties : 
a silicon : nitrogen atomic ratio within 2 percent of the 

ratio 3 : 4 ; 
a stress of 600 megapascals ( MPa ) to 1000 MPa ; and 
a hydrogen content of less than 5 atomic percent ; 

a source and a drain ; 
a gate of the GaN FET over the cap layer between the 

source and drain , wherein the gate is in direct contact 
with the cap layer at a center portion of the gate and 
partially overlaps the silicon nitride layer at end por 
tions of the gate ; 

a source metal in electrical contact with a contact metal of 
the source , the source metal overlapping the gate ; and 

a dielectric layer between the source metal and the gate , 
wherein the silicon nitride includes a first portion under 
the end portions of the gate and a second portion 
between the gate and the drain spaced from both the 
drain and the gate . 

* * * * * 


